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ABSTRACT
To date, high-resolution structures have been solved for five different architectural
proteins complexed to their DNA target sites. These include TATA-box—binding
protein, integration host factor (IHF), high mobility group I(Y)[HMG I(Y)], and
the HMG-box—containing proteins SRY and LEF-1. Each of these proteins in-
teracts with DNA exclusively through minor groove contacts and alters DNA
conformation. This paper reviews the structural features of these complexes and
the roles they play in facilitating assembly of higher-order protein—~DNA com-
plexes and discusses elements that contribute to sequence-specific recognition
and conformational changes.
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INTRODUCTION

Arecurring theme of events that control transcription, recombination, and repli-
cation is the involvement of multiprotein-DNA complexes. The intricate archi-
tecture of these complexes relies not only on sequence-specific protein-DNA
interactions, but also on the interaction of multiple proteins whose DNA bind-
ing sites may be quite distant from one another. Thus, the formation of such
higher-order structures usually requires that the conformation of the DNA tem-
plate be bent or distorted in order to bring the requisite proteins into close
proximity. In large part this task is accomplished by architectural proteins that
typically lack the potential to activate transcription or carry out recombination
on their own, but instead induce conformational changes in the DNA, thereby
facilitating the assembly and enhancing the overall stability and activity of the
multiprotein-DNA complexes.

Many DNA-binding proteins possessing disparate functions have been shown
to bend their DNA recognition sites (28, 44, 45). A distinction can be made,
however, between those proteins whose primary, if not sole, function is to
bend DNA, and those proteins that happen to bend DNA in the process of
carrying out their distinct primary functions. The first group we refer to as ar-
chitectural proteins in the strictest sense, while the second group could include
any other relevant DNA-binding proteins such as transcriptional activators or
repressors. High resolution three-dimensional structures for five different ar-
chitectural proteins complexed to their cognate DNA sites have been solved to
date and included) TATA-binding protein (TBP) (23-26, 34)b] the male sex
determining factor SRY (59)¢] lymphoid enhancer-binding factor 1 (LEF-1)
(30), (d) integration host factor (IHF) (39), an@)(high mobility group I(Y)
[HMG I(Y)] (21). All five of these architectural proteins interact exclusively
with the minor groove of DNA.

Although the deficiency of chemical features presented by the minor groove is
typically considered to be insufficient for specific recognition, all of these minor
groove-binding proteins bind with high affinity and varying degrees of sequence
specificity. Moreover, they exhibit very different global folds (Figure 1) and use
different strategies, or combinations of strategies, for recognition and binding.
Accordingly, these proteins also remodel the DNA conformation in distinct
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Figure 1 Three-dimensional structures of the minor-groove binding architectural proteins TBP,
SRY, IHF, and HMG | in complex with their DNA targets. The DNA is represented as a surface and
the protein as a ribbon. Where visible, sidechains key to modulating the DNA conformation are
shown adlack rods These include Phe99 and Phel16 in the N-terminal domain of yTBP, lle13in
SRY, and Arg10 and Arg12 of DNA-binding domain 2 of HMG I. The C- and N-terminal subunits
of TBP and thex andB arms of IHF are labelled. Figures were produced with GRASP (32).

ways. The structures and functions of these minor groove binding architectural
factors are reviewed below, and structural and chemical elements contributing
to sequence-specific minor groove recognition are discussed.

STRUCTURE AND FUNCTION OF MINOR
GROOVE-BINDING ARCHITECTURAL FACTORS

TATA-Box Binding Protein TBP

In eukaryotes, initiation of transcription of messenger, ribosomal, small nu-
clear, and transfer RNAs by any of the three RNA polymerases requires the
TATA-box binding-protein (TBP) (19). In the case of class Il nuclear genes
in higher organisms, activation of transcription depends on the formation of a
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functional preinitiation complex (PIC), comprising RNA polymerase Il (polll)
and a host of other general initiation factors (such as TFIIA, -B, -D, -E, -F,
-1, -J), about the TATA element of core promoter sequences (3,41,43). TBP
mediates PIC assembly because recognition of the TATA element by TBP is
considered to be the nucleating event in complex formation. On its own, TBP
cannot substitute for the accurate control of transcription provided by TFIID
and larger transcription initiation complexes (20, 37), but it does recognize the
TATA element, thereby initiating basal transcription (2).

The first view of a minor groove-binding architectural protein at work came
in 1993 when two separate crystal structures of TBP complexed to TATA-box—
containing oligonucleotides were solved by the groups of Sigler and Burley
(25, 26): Sigler and coworkers solved the structure of yeast TBP bound to a
29-nucleotide DNA hairpin whose stem contains a 12-bp helix that encom-
passes the TATA box sequenceTATATAAA-3’ from the yeast CYC1(-52)
promoter, while Burley and coworkers solved the structure of TBP 2 fkean
bidopsis thaliandound to the TATA element of the adenovirus major late pro-
moter (AdMLP) which contains the central binding sequen€BEsFAAAAG-3’
(Table 1). Despite the differences in the protein sequences and their cognate

Tablel Protein sources and DNA sequences used for structural studies of minor groove-binding
architectural proteins

Protein source DNA?2 Reference
TBP 5 GCTATAAAAGGGCA3Z 24,25
Arabidopsis 3 CGATATTTTCCCGTY

thaliana
TBP 5 GTATATAAA ACGGG 26
yeast 3 CATATATTT TGCGg
TBP 5 CTGCTATAAAAGGCTGZ 34
human 3'GACGATATTTTCCGAGY
TBP 5 CGTATATATACGS 23
human 3’ GCATATATATGCY
SRY 5GCACAAAC3T 59
human ICGTGTTTGY
LEF-1 5CACCCT TTGAAGCTC3' 30
human 3IGTGGGAAACTTCGAGY
IHF 5 GGCCAAAAAAGCATTGCTTATCAATTTGTTGCACC3 39
Escherichiacoli 3CCGGTTTTTTCGTAACGAATAGT TAAACAACGTGGY
HMG I(Y) 5GGGAAATTCCTCS 21
human 3 CCCTTTAAGGAGY

aConsensus sequences are shown in bold; required sequences such as A-tracts or AT-rich DNA are underlined.
The sequences used in the TBP structures are aligned with respect to the 8 bp TATA elements.
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DNA-binding sites, the primary structural features of these two protein-DNA
complexes are nearly identical. Protein-DNA interactions for both complexes
are summarized in Figurea2 and numbering for the yeast TBP-TATA box
complex is used in the text below unless otherwise specified.

TBP is composed of two separate domains, an amino-terminal domain that
varies considerably in both length and sequence, and a 180-amino acid carboxy-
terminal domain that is highly conserved. It has been shown that the amino-
terminal domain is unnecessary for the initiation of transcription, and accord-
ingly the carboxy-terminal domain has been shown to be sufficient for high
affinity binding to TATA-box elements, as well as for initiating basal transcrip-
tion (7). The carboxy-terminal domain of TBP is composed of two subunits,
« andg, which contain 89 and 90 amino acids, respectively, and flank a highly
basic region referred to as the basic repeat. Although the two subunits of the
carboxy-terminal region display only 30% sequence identity, they are nearly
identical structurally, and thus give rise to the strong intramolecular pseudo-
symmetry of TBP (Figures 1,183; both crystal structures were solved using
constructs of this carboxy-terminal domain bound to the TATA-box-containing
promoter sequence. TBP is best described as having a saddle-like structure
where each subunit of TBP consists of a five-stranded, curved antiparallel
B-sheet and twa-helices, one long and one short. The central eight strands
of the curvedB-sheet form the concave underside of the saddle which inter-
acts extensively with the distorted minor groove of the TATA-element, and the
B-turns between the outermost antiparaflestrands appear as stirrups of the
saddle. The longez-helix is located above and approximately orthogonal to
the8-sheet, and together with the shorter helix provides a scaffold for the back,
or convex side, of thg-sheet. Asforthe oligonucleotide, the central eight base-
pairs that contain the TATA element are underwound and bent8sy toward
the major groove, presenting a wide concave surface with complementary cur-
vature to the underside of the protein (Figuresd), Jo either side of the TATA
element, the DNA returns to B-form as it leaves the region of TBP binding.

Typically, transcription factors recognize and bind to DNA through specific
contacts between protein sidechains and a variety of atoms or functional groups
located in the major groove of DNA (36, 49). Although nonpolar interactions
involving the methyls and olefinic protons of the pyrimidine bases are seen,
the recognition interface is usually dominated by hydrogen bonds and elec-
trostatic contacts between polar side chains of the protein and nitrogen and/or
oxygen atoms of the DNA. In contrast the concave underside of TBP interacts
with the minor groove of the TATA element, and somewhat surprisingly, the
protein-DNA interface is dominated by hydrophobic or van der Waals contacts.
lllustrative of this hydrophobic predominance, 70% of the 386mf buried
surface area resulting from complex formation is hydrophobic. In addition, 12
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Figure 2 Schematic representations of protein-DNA contacts for each of the five minor groove-
binding architectural proteins. The numbering for the DNA bases and the protein residues is the
same as in the original papers, and the DNA is viewed looking into the minor groove. Deoxyribose
rings are represented pentagonsphosphates awllow circles and purine (A,G) and pyrimidine

(C,T) bases dsng black rectangleandshort black rectanglesespectively. Hydrophobic contacts

are shown bysolid arrows hydrogen bonds and electrostatic contactsdaghed arrowsand
contacts between protein backbone amides and DNdotted arrows (For clarity, no distinction

is made between hydrogen bonds and direct or indirect electrostatic interactions.) The identity of
each nucleotide is shown in the center of its deoxyribose ring, and the protein residues are shown in
italics. Intermolecular contacts are shown fay yeast TBP and the TATA element from the yeast
CYC1(-52) promoter andrabidopsis thaliand BP and the TATA element of the adenovirus major

late promoter; labels end withor a, respectively (note that the bases of basepair 5 are represented
ashollow rectanglesdecause A or T is observed at this sitd)) the HMG box domain of SRY

and theMIS gene consensus sequenag;tbie HMG box domain of LEF-1 and the T@Ryene
consensus sequencd) (HF and the Hsite of phage 8 (the asterisk by T29-G30 indicates the site

of the nick); €) DBD2 of HMG I(Y) and a dodecamer comprising PRDII of the IBNenhancer.
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Figure 2 (Continued

of the 16 hydrogen bond acceptors in the minor groove remain unsatisfied, with
most of them being within van der Waals contact of nonpolar atoms. Upon
binding, the TATA element is severely distorted, resulting in a widened and
shallow minor groove. This distortion occurs largely by the insertion of a pair
of phenylalanine residues located in the symmetrically displaced stirrups of
TBP that insert into the first and last base steps within the 8 bp TATA box
and kink the DNA (Figures& 3a). In addition to the intercalating phenylala-
nines, the interface comprises eleven more hydrophobic residues that are within
van der Waals contact of the minor groove bases (shown in the central portion
of Figure Z). With one exception, all of these interactions are symmetrical
with respect to the pseudo-dyad of the complex and contact the central six base
pairs of the TATA element; Pro191 contacts’Audst outside of the upstream
kink but the symmetrically displaced residue Alal00 makes no such contacts
on the downstream side of the DNA.
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Figure 2 (Continued

Only six hydrogen bonds are observed between the side chains of TBP and
the base edges (Figur@)2 Asn159 and Asn69 are located in the center of the
TATA box and contribute four hydrogen bonds to A4 and T5, and toahd
AY’, respectively. One base pair removed on either side, Thr215 and Thr124
hydrogen bond to N3 of A4 and Abrespectively. Six direct contacts to the
phosphate backbone from protein sidechains are seen in both crystal structures.
They include contacts from the hydroxyl protons of Ser209 and Ser118 to the
phosphate oxygens of Adnd A8; and from the guanidinium groups of Arg98,
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Figure 2 (Continued

Arg105, and Arg196 to the phosphates neaf, T&', and T3, respectively.
Located near to the phosphate backbone in both structures are several lysine
residues; in the yeast TBP complex these lysine sidechains do not contact the
DNA backbone either directly or indirectly, and are reported to be directed away
from the backbone and stabilized by water-mediated intramolecular contacts
(26). In contrast, in the structure of theabidopsiscomplex refined to 1.8

(24), lysines 85 and 176 contact the phosphate backbone directly, and lysines
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Figure 2 (Continued

68, 78, 159, and 169 make water-mediated hydrogen bonds to the phosphate
backbone. Despite the subtle differences in interactions seen in the two struc-
tures for the lysine sidechains, mutagenesis studies indicate that most of them
are important for binding affinity, DNA recognition, or both (63).

When bound to TBP, the TATA element deviates significantly from canonical
B-DNA and actually adopts several features characteristic of A-DNA, the most
noteworthy being the extremely wide and shallow minor groove. Indeed, in the
center of the TATA box the minor groove width exceedd @s compared to
~4 A for B-DNA (42). This prominent distortion results from an effective com-
bination of interactions. The intercalating phenylalanine residues imztit
kinks at the outer two basepair steps of the TATA box, and their nearly orthogo-
nal orientations relative to one another cause buckling of the inner two basepairs
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Figure 3 Stereoviews illustratinga) hydrophobic residues in the stirrup of the C-terminal do-
main of yeast TBP inserted between the first basepair step TTRAT 2 of the TATA element;

(b) the nearly symmetrical array of sidechains protruding from the concave underside of the saddle
contacting the 8 bp TATA element.
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which become unstacked (Figure; 3ise = 5.4-5.9A). The hydrophobic in-
terface coupled with the electrostatic interactions involving protein sidechains
and the phosphate backbone induce a continuous and smooth ber@frof
toward the major groove, as evidenced by the large average roll angl2f
compared to~0° for B-DNA. Although the DNA is underwound by 105%n

only seven base steps (average twist argl21° for the TATA element as com-
pared to 36in B-DNA), this distortion is compensated for by one-third of aturn
of positive supercoiling; thus, TBP exhibits no net effect on DNA supercoiling.
Watson and Crick base-pairing is preserved throughout the DNA.

Architectural Factors That Contain HMG-Box Domains: The
Male Sex Determining Factor SRY and Lymphoid Enhancer
Binding Factor 1 (Lef-1)

Of the numerous architectural proteins that containtB6 residue DNA bind-

ing domains known as HMG boxes, the structures have been solved for only two
in complex with DNA, namely SRY and LEF-1. The majority of HMG box-
containing proteins bind nonspecifically to DNA, recognizing distinct struc-
tural features such as prebent or cruciform DNA rather than specific sequences
(reviewed in 4, 18). SRY and LEF-1 are members of the high-mobility group
proteins HMG-1/2 characterized by a singi80 residue HMG-box domain
(reviewed in 17). Although structurally distinct from TBP, SRY and LEF-1
also serve to bend DNA and do so in a manner analogous to TBP, namely by in-
sertion of a hydrophobic amino acid between base steps from the minor groove
side. Specific to preB- and T-cells, LEF-1 plays a requisite structural role in the
formation of several multiprotein-DNA complexes, the best characterized of
which is the T-cell receptar (TCRx) gene enhancer (12, 13). Therein, LEF-1
occupies a centrally located site flanked by binding sites for at least three other
transcription factors: downstream of LEF-1 the lymphoid specific transcription
factors PEBP2 and ETS1 occupy adjacent and phased binding sites, and up-
stream of LEF-1 is an ATF/CREB binding site. ATF/CREB has been shown to
stabilize the ternary nucleoprotein complex containing PEBP2 and ETS1 and to
interact with PEBP2 in vitro. Moreover, mutations in the T&C&8hancer that
alter the relative spatial relationship of any of these proteins impair enhancer
function. These findings are consistent with the formation of a multiprotein-
DNA complex mediated by DNA bending by LEF-1. The male sex-determining
factor SRY likely plays an analogous role in transcriptional activation of the
genes important in sexual development such as th#eMan inhibiting sub-
stance MIS) gene, whose product accounts for the regression of the female
Mullerian ducts in male embryos (14, 60). Mutations in SRY are responsible
for 15% of male to female sex reversal (46XY females).
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SRY The structure of a complex of the 78 amino acid HMG box domain of
SRY (referred to as SRY below) with a DNA octamer comprising its target site
in theMIS promoter (Table 1) has been solved by NMR (59). SRY has a twisted
L shape that comprises irregular N- and C-terminal strands that lie adjacent to
one another and threehelices (Figure 1). The long arm of the L is formed by
helix 3 and the N- and C-terminal strands, and the shortarm of the L is formed by
helices 1 and 2. Orientation of the helices is maintained by three concentrated
regions of hydrophobic packing located at the center of the long arm, the tip of
the shortarm, and the corner of the L. The minor groove binding surface consists
of helices 1 and 3, and is bordered at the bottom by a ridge comprising helix 2
and at the top by a ridge comprising the opposing terminal strands. Providing
another example of induced fit, tMiS sequence is significantly distorted upon
SRY binding [NMR studies show the fréélS DNA to be essentially B-form

(57)] to yield a widened and shallow minor groove whose convex surface is
molded perfectly to the concave binding surface of SRY.

Numerous hydrophobic and electrostatic interactions contribute to the severe
DNA distortion in the SRY complex, with the most apparent deformations
located near the center of the octamer at basepairs 5 and 6, and at the bottom
of the octamer at base steps 2 and 3 (Figure 4). At the center, Met9, Phel2,
Ile13 and Trp43 form a hydrophobic wedge that is anchored to basepairs 4 and
5 by electrostatic interactions involving Asnl10 (Figutg.4At the center of
the wedge Phel2, which is positioned orthogonally to the bases of the minor
groove, and the intercalating lle13 both interact with the bases to induce a
large bend toward the major groove, while Met9 and Trp 43 on the outer sides
of the wedge contact the ribose rings to pry open the minor groove. The bend at
base steps 2 and 3 occurs as Tyr74 packs against A3 and T14, anchoring SRY to
the top of the DNA (Figure d); and lle35 contacts base pairs 7 and 8 to anchor
SRY to the bottom of the DNA (Figureck The sidechains of an additional
seven basic residues make electrostatic contacts with the phosphodeoxyribose
backbone to provide an extensive scaffold for DNA recognition (Figbje 2

Upon binding to SRY, profound structural changes are induced iiise
DNA as it leaves the essentially B-form conformation to take on structural
features comparable to those of A-DNA; indeed, the rms difference between
the SRY-bound DNA and classical A-DNA is 24 as compared to an rms
difference of 4.2A to classical B-DNA. The minor groove is significantly
expanded in the complex as revealed by the average width ok %dd the
DNA is underwound exhibiting an average interbase helical twist 0f2®°,
andan average interbase pair rise of4.0.3A, which exceeds that seenin both
A-DNA (3.4 A) and B-DNA (3.6A). Six of the seven base steps display positive
roll angles, ranging from 10°%etween base pairs 7 and 8 to a maximum of
35° between base pairs 2 and 3, to produce an overall bend anglg0o80,
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Figure 4 Stereoviews illustrating interactions between hSRY-HMG and DNA. These include
(a) sidechains at the C-terminal end of helix 3 and the C-terminal and N-terminal strajtee (
clustering of hydrophobic residues at the center of the octamer with partial intercalation of llel13;
(c) sidechains from helices 1 and 2 near ther®d of the coding strand of DNA.

and all but two of the ribose rings exhibit sugar puckers indicative of A-DNA
(OY-endo to C3endo).

LEF-1 The NMR structure of LEF-1 complexed to a 15 bp oligonucleotide
from the TCRy enhancer (Table 1) is very similar to that of the SRY complex
(30). LEF-1 exhibits the twisted L shape of the minor-groove binding HMG
domains, and the wide and shallow DNA is bentb¥17 toward the major
groove. LEF-1 uses a methionine (Met10) residue rather than an isoleucine for
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intercalation, which is stabilized by hydrophobic contacts from Phe9 and Met12
to nearby bases. An additional difference between the two structures is seenin
the length and interactions of the C-terminal strands where the construct used
in the LEF-1 structure contains five additional amino acids, four of which are
lysines. Thus, the C-terminal tail extends across the compressed major groove
to make electrostatic contacts to the phosphate backbone of the DNA from the
major groove side. These additional contacts may account for the larger bend
angle seen in the LEF-1 complex.

Integration Host Factor

Integration host factor (IHF) is a prokaryotic architectural protein that takes
DNA bending to a new extreme: IHF causes the DNA to adopt a U-turn
(39). The biological roles in which IHF has been implicated are numerous
and varied, but the best characterized is its role in site-specific recombination
in bacteriophage (16, 31). In this system, several specific IHF binding sites
occur near the phage attachmeatt)(sites, which participate either in integra-
tive recombination or excisive recombination. IHF comes into play because
its main function is to bend the DNA so as to bring into proximity the dis-
tant promoter binding sites of the heterobivalenintegrase. Indicative of
IHF's role as a classical architectural proteimecombination can occur when
IHF's binding sites are replaced by intrinsically curved DNA or by binding
sites of other architectural proteins that also serve to bend DNA (48). Specif-
ically, recombination has been demonstrated where IHF was replaced with the
closely related nonspecific DNA-binding protein HU, the otherwise unrelated
architectural proteins HMG-1 and HMG-2, and the eukaryotic histone dimer
H2A-H2B.

Interestingly, IHF appears to play a dual role in the initiation of replica-
tion: Besides its defined structural role, IHF acts as a regulatory protein in
concert with FIS [factor for stimulation of inversion (5)], another site-specific
DNA-bending protein. In a more traditional sense, IHF can function as a tran-
scriptional activator or a repressor, and repression can occur via two different
mechanisms: Namely, IHF can stabilize binding of a given repressor (1) or it
can occlude binding of an activator by directly occupying its specific binding
site. Thus, IHF's multifaceted role arises from its ability to bind sequences
specifically as well as to bend DNA.

IHF is a heterodimeric protein composed of tw@&0 kDa homologous sub-
units referred to ag andS. The two subunits intertwine to produce a unique
protein fold that resembles a body with two long arms reaching out to wrap
around the DNA (Figure 1). The bottom of the body is made up of two helices
per subunit that are packed orthogonally against their equivalent in the second
subunit, and the top of the body is formed by a third short helix and two an-
tiparallel 8-sheets from each subunit. Extending away from the top of the body
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are the two arms, each comprised of two antiparglisheets. Together, the
B-sheets of the top of the body and the arms reach out to “embrace” the DNA,
continuously following the minor groove so that binding occurs concomitantly
on opposite faces of the DNA.

The crystal structure of IHF complexed to a 35 bp oligonucleotide from the
H’ site of phage. (Table 1) shows that the DNA is bent byl60 (Figure 1).
Although the overall structure of the complex appears to be symmetrical, the
opposing DNA and protein sequences and their detailed interactions are asym-
metrical. Like other IHF consensus binding sites, tHesite contains three
characteristic sequences, namely two conserved eleméff&TEAA-3’" and
5-TTG-3, and a 6-bp A-tract. The center of the U-turn is positioned at the 5
end of the TATCAA consensus site, and the dA/dT-rich sequence and the TTG
consensus are located one helical turraidd 3 to the start of the TATCAA
element, respectively. Together, the contacts between the DNA and the arms
and body of the protein bury in excess of 45800f surface area accessible to
solvent in the uncomplexed molecules.

Analogous to TBP, SRY, and LEF-1, IHF employs two hydrophobic residues,
inthis case ProGband Pro64, located at the tips of opposing arms, tointroduce
substantial bends in the DNA. These proline residues, which are absolutely
conserved among all members of the IHF and HU families, intercalate between
base steps separated by nine basepairs making extensive hydrophobic contact
with the DNA bases (Figuresi25a).

In addition, hydrogen bonds between the prolines and N3 of both adenines
5 to the kinks are observed. The only other hydrophobic interactions occur
between hydrophobic sidechains and deoxyribose rings, as opposed to minor
groove bases. These involve contacts between the pseudosymmetrically dis-
placed lle7&/Val708 and lle73/Leu728, and deoxyribose rings nearby the
kinks, and contacts from Pro&1o the sugar of T-34. In the crystal structure,
thea arm of IHF (Figure &) reaches deep into the minor groove of the consen-
sus sequence-FATCAA-3’ as the aliphatic protons of Arga3and Arg6@
pack against basepairs 34—37 and the backbone and sidechains make hydrogen
bonds to the same basepairs. On each side of the complex, the N-terminus of
helix 1 and theg182 loop of one subunit join with the N-terminus of helix
3 of the second subunit to form a “clamp” rich with electrostatic contacts to
the DNA backbone. At the tip of th8182 loops, Serdd and Arg4es insert
into the minor groove on the left (Figurdband right (Figure B) sides of the
complex, respectively. The backbone of helices 1 and 3, located below and
above the8182 loop, contact phosphates located on opposite sides of the mi-
nor groove. In addition to the intermolecular interactions centered around the
tips of the arms and the sides of the body of the protein, numerous positively
charged sidechains contact the phosphate backbone of the DNA, contributing
to the overall bend.
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Figure 5 (a) Stereoview illustrating contacts between éharm of IHF and the first DNA consen-
sus sequenceHATCAA-3’ (T33-A38); (b) closeup of the left side of the protein body contacting
the A-tract (A19-A24); €) closeup of the right side of the protein body contacting the second DNA
consensus sequence T43-T44-G45 [adapted from (39)]. Labels fertibces angs-strands of
IHFB are italicized.

The arrangement of protein-DNA interactions seen in the IHF complex, in
combination with DNA sequences that are susceptible to deformation, intro-
duce an alternating and phased pattern in the DNA parameters, most notably
in the minor groove width (39) (Figure 1). The intercalating prolines introduce
short stretches of very wide minor grooves](o,&) located approximately one
helical turn apart at the top corners of the bent DNA. These are in turn evenly in-
terspersed with three distinct regions of narrowed minor groove, each of which
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is separated by one helical turr10 basepairs), and thus located at the center
and sides of the inside of the DNA bend. Thus, the minor groove incorpo-
rating the three consensus elements alternates between narrow and wide every
half helical turn, and the three sites possessing the narrowest minor grooves
are positioned to contact the top and sides of the compact body of the protein.
This arrangement accommodates the abundance of direct and water-mediated
electrostatic interactions between the body of the protein and the narrow minor
grooves. The DNA conformation returns to B-form just outside of the first and
last consensus elements. The kink introduced by the prolines is characterized
by an unprecedented 5ill angle, and the widened minor groove surrounding

the kinks continues 2 to 3 base steps in either direction. The regions of narrowed
minor grooves range frony2.5-3.5A in width.

High Mobility Group Protein I(Y)

The high mobility group | (HMG 1) family of proteins, which includes HMG I,

its isoform HMG Y, and HMG I-C, are non-histone chromosomal proteins that
are entirely distinct from the other HMG box HMG 1/2 family and the HMG
14/17 family (reviewed in 4). Members of the HMG | family are basic proteins
~10 kDa in size that consist of a variable N-terminus, an acidic C-terminus,
and three short DNA binding domains (DBDSs) that are separated by linkers of
11 to 23 amino acids. HMG I(Y) binds to the minor groove of AT-tracts with
nanomolar affinity and appears to use two DBDs for binding, which explains the
recurrence of two helically phased AT-tracts in naturally occurring enhancers.
Analogous to the architectural proteins described above, HMG I(Y) alone does
not activate transcription but plays a critical architectural role in the assembly of
enhanceosomes on what appears to be a growing number of cytokine and viral
genes (10, 22, 55). Further, HMG I(Y) has been shown to interact directly with
transcriptional activators of the Rel, bZIP, ETS, and POU families, stabilizing
their binding to DNA. In contrast to the previously described architectural
proteins, HMG | does not induce bends in DNA, but instead acts to preserve
the B-form character of DNA, and can actually reverse moderate bends in DNA
(9). The role of HMG 1 in facilitating the assembly of a large nucleoprotein
structure has been best characterized for the complex, yet compaehps,

all of which are essential for viral induction) interferghgene enhancer in
which HMG | helps to recruit the transcriptional activators NFkB, ATF2/cJun
and IRF (55).

The NMR structure of a truncated form of HMG | (residues 50-91) that con-
tains DBDs 2 and 3 complexed to two equivalents of adodecamer comprising the
PRD2 site of the IFN8 gene enhancer revealed two distinct DNA binding motifs
(21). The high affinity DBD2 (Figure 1) consists of three modular components
comprising the extended Arg-Gly-Arg core sequence that inserts deep into the
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Cyt22 Gua3

(a)

(b)

Figure 6 Stereoview illustrating contacts between the high-affinity binding domain DBD2 of
HMG I(Y) and (@) the 8 end of the AT-tract, andb the 3 end of the AT-tract of PRDII in the IFN
B enhancer.

minor groove, a pair of lysine and arginine residues that flank the core and
make hydrophobic and electrostatic interactions to the sugar-phosphate back-
bone, and a polar network of six amino acids C-terminal to the basic core. The
four residues directly following the Arg-Gly-Arg core (Prol3, Lys14, Gly15,
and Serl6) form a type B-turn that effectively bridges the minor groove, and
the remaining three residues clamp around the lower strand of the DNA using
polar and nonpolar contacts (Figuig)6 The lower affinity DBDs 1 and 3 (not
shown) lack the additional six amino acids, which accounts for th&g0-fold
decrease in DNA binding affinity.

The high affinity DNA-binding motif (DBD2) of HMG | is remarkable in that
it contains only 13 amino acids that upon DNA binding undergo a conformation
change from arandom coil (as shown by NMR studies of free HMG |) to a fully
structured motif in which every amino acid, with the exception of one proline,
contacts the DNA (Figure&. The Arg-Gly-Arg core lies deep in the minor
groove, with the glycine centered between base pairs 6 and 7 and the arginine
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sidechains extending in either direction along the floor of the minor groove
such that every H2 atom of the adenines is encountered by either Arg10 or
Arg12 (Figures 2, 6a, 6b). The guanidinium groups of Arg10 and Arg12 are
hydrogen-bonded to the,@toms of C9 and T21, respectively. At the top of

the B-turn, Lys14 and Gly15 contact the phosphoribose backbone of the top
DNA strand, and Prol13 and Ser16 of the sides of the turn contact the ribose
rings of the bottom DNA strand at T7 and A6, respectively (Figuae @he
backbone of the final three amino acids is oriented orthogonal to the DNA axis
and the sidechains extend across the groove again to contact the sugar-phosphate
backbone on both sides of the minor groove (Figue$a).

The conformation of the PRD2 dodecamer complexed to HMG lis essentially
B-form. The average values of 33or the local helical rise, 35%&or the local
helical twist angle, ané-1° for the inter-base pair roll angles are all indicative
of classical B-form DNA. In addition, the average minor groove width is only
~1-1.5A larger than that seen in B-DNA.

FACTORS CONTRIBUTING TO SPECIFIC BINDING
AND CONFORMATIONAL CHANGES

Recognition

In contrast to transcriptional activating factors that tend to recognize very spe-
cific DNA sequences and features of the major groove, the minor groove archi-
tectural proteins are faced with the problem of specific recognition in the barren
minor groove (47). Following the determination of the structures of five archi-
tectural proteins bound to their DNA targets, it is becoming clear that several
strategies are used for recognition and alteration of DNA conformation. These
include exploitation of sequence-dependent DNA deformability, recognition
of narrower than usual minor grooves, and asymmetric charge neutralization
along the sugar-phosphate backbone (50). Of those proteins described above
that induce extreme bends, partial insertion or intercalation of hydrophobic
residues imparts large positive roll angles (i.e. toward the major groove) that
contribute greatly to the overall bending of the DNA (58). Thus far, insertion
of these residues occurs at YR or RR/YY steps (where “R” stands for purine
and “Y” for pyrimidine) which have been shown in naked duplex DNA to be
either inherently bent or subject to deformations (15, 51). In the case of TBP,
the phenylalanines of the C-terminal domain insert between the poorly stacked
and easily distortable T1-A2 step of the TATA box and impart a greater positive
roll angle than is seen at the Y7-Y8 step at the opposite end of the 8 bp TATA
element. In SRY, llel3is inserted at the RR step A5-A6. Although the RR/YY
steps do not appear to be as readily distortable as the YR steps, they still display
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large deviations in parameters basic to DNA bending, namely roll angle and
degree of twist (53). The most obvious differences between YR and RR/YY
steps is the degree of base stacking, and for AA/TT sequences the relative
positions of the thymine methyl groups. Thus, it follows that in cases where
positive roll angles at AA/TT steps are large enough to disrupt base stacking
and impose steric clash among the thymine methyls, these energetically costly
transformations must be compensated for by the more complete packing or pi-pi
interactions that can occur among the sidechains inserted between sequential
and similar bases than among alternating (YR or RY) base steps.

Both HMG I(Y) and parts of IHF bind to B-form AT-rich DNA. In the case of
HMG I(Y), the crescent formed by the extended Arg-Gly-Arg sequence inserts
deeply into, and runs along the floor of, the minor groove, taking advantage
of the lack of irregular YR steps. In the case of IHF, the top and both sides
of the body of the protein interact with the three regions of unusually narrow
minor grooves. Clearly, in two of these interactions, namely at the A-tract and
the center of the DNA, the narrow minor grooves are important for recognition
considering that binding occurs through water-mediated contacts with the minor
groove spine of hydration that persists upon binding. Because IHF induces a
nearly 180 turn in its bound DNA, it is only appropriate that this protein should
use all three strategies for deformation: The body of IHF is positively charged
and lies on the inside of the bent DNA to neutralize the phosphate backbone
and contribute to the overall bend.

Specific and Directional Binding

With each new structure of a protein-DNA complex comes the question of how a
particular protein recognizes a specific DNA sequence. Inthe case of TBP, IHF,
and HMG |, yet another complexity arises resulting from the fact that each of
these proteins uses pseudo-symmetric motifs to interact with DNA. Moreover,
they are capable of recognizing more than one sequence while still conserving
directional binding. Several thoughtful analyses of TBP-TATA box recognition
have appeared recently and provide insight into the role that protein and DNA
structure and sequence-specific deformability play in influencing directional
binding. In arevealing study by Suzuki et al (52), the coordinates of a cocrystal
structure were duplicated and one of the identical structures was rotated 180
about the pseudo-dyad. The resulting oppositely oriented molecules were best
fit to B-strands 1 andc-helices 2 located at the center of the dimer. [This
exercise was performed for both the Sigler (26) and Burley (25) structures.]
These models clearly show that in both structuregtisbeet of the C-terminal
domains, which bind to thé FATA-containing side of the DNA, display greater
curvature and thus approach more closely to the DNA tharthbeet of the
N-terminal domains which bind to thé-B8—rich half of the DNA. In turn, the
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5'-TATA ends of the DNA display greater curvature and compression of the
major groove than the’ A-rich sequence. A residue-by-residue comparison
of the two protein domains reveals that for {hresheet residues directed away
from the DNA, those in the C-terminal domain are larger than those in the N-
terminal domain. [This finding holds true for the uncomplexed TBP structures
as well, indicating that the greater curvature is inherent in TBP itself. (6, 33)]
Increased curvature of the protein backbone away from the protein interior on
the C-terminal side alleviates the greater steric crowding and coincidentally
increases curvature toward the DNA. Conveniently, th@/ ATA side of the

DNA can accommodate the increased curvature of the C-terminal domain better
than the 3A tract because it contains alternating thymines and adenines that
do not have to contend with steric clash between the methyls of the thymines
in the major groove. Indeed, measurement of the distances between methyls
of the A-rich side show that they are at the limit of major groove compression.
Also contributing to the greater curvature of the C-terminal side of TBP is
the strictly conserved and asymmetrically-positioned proline toward the end of
helix two, which causes a slight helical bend directed toward the underlying
saddle. In addition to the asymmetric and complimentary curvatures of the
protein and DNA, Dickerson and coworkers (23) have noted that a single proline
(191y/149a) that packs against thesgle of A1 may be largely responsible

for the preference for T over A as the first site, considering that substitution to
AT would introduce unfavorable interactions between atoms of the proline ring
and the C2 oxygen of thymine.

It had been proposed that asymmetrical charge distribution might play a role
in orienting TBP on the DNA (26). However, Kim and Burley (24) noticed
that any considerable asymmetry in charge distribution that would affect DNA
binding is limited to the stirrups where Arg55y and Arg56y in the C-terminal
domain are replaced by Glu144y and Glu146y in the N-terminal domain. With
the exception of Arg56, the sidechains of these residues are directed away from
the DNA and probably do not appreciably affect binding polarity. This view was
substantiated by the ternary crystal structure of TBP/TFIIB/TATA element that
shows Glul144 and Glu146 to be hydrogen bonded to TFIIB residues rather than
interacting with the DNA (35). [More recently the ternary crystal structure of a
complex comprising an archaeal protein homologous to TBP that recognizes so-
called box A motifs, a TFIIB homolog, and a box A DNA target has been solved
(27); in this case, charge distributions distinct from those seen in eukaryotic
TBPs play a strong role in orientation (8, 27).]

HMG | functions differently from the pseudo-symmetrical DNA-bending
proteins TBP and IHF because it stabilizes B-form DNA and can actually reverse
moderate bends (9). The core DNA-binding motif of HMG | comprises the
palindromic sequence Pro-Arg-Gly-Arg-Pro, which binds to AT-rich sequences,
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preferably of 5 or 6 base pairs in length. The solution structures of the high- and
low-affinity domains of HMG | bound to the sequenceEGGAAATTCCTC-

3 showed that both domains are oriented in a single direction (21). Argl0 is
in close contact with the H2 atoms of A17 and A18 on the left strand of the
DNA, while Arg12 contacts the H2 atoms of A5 and A6 on the opposite strand
(Figure &). Thus, the extended concave surface of Arg-Gly-Arg inserts deeply
into the minor groove and runs parallel with the right handedness of it. If the
orientation were reversed, there would be steric clash with tleg@ns of the
complementary thymine. In regard to specificity, the sequehRfABTT-3’ of

the PRD Il element lacks any disruptive YR steps, and the structure of HMG |
complexed to DNA shows that the narrower and more regular the minor groove
is, the more extensive are the van der Waals contacts. The contacts will be
further augmented by the sequences AAa/tT or AAa/ta/tT, which place the H2
atoms on opposing strands as far apart as possible; that is, they run with the
floor of the minor groove. If the DNA sequence were reversed, for example
to TTTAA, the H, atoms would be positioned more closely atop one another,
that is, running more perpendicular to the floor of the groove, which would
preclude the extensive van der Waals contacts seen in the structure by virtue
of a decreased distance and steric hindrance of thet@ns of the thymines.
Further, the sequence would also include an RY (in this case TA) step, which
would likely disrupt the straight and narrow groove of the DNA.

HMG | has been reported to be a non-specific binder of AT-rich sequences.
It remains possible that it can bind to the less favorable TTAA-containing
sequences, given the flexibility of the Arg-Gly-Arg motif and the availability of
two more binding motifs that can be used to enhance the overall DNA-binding
affinity. We may also find that the orientation is affected in the presence of
interactions with other transcriptional activators.

As with TBP and HMG I, the pseudosymmetrical IHF binds in a directional
manner. However, compared to TBP and HMG |, IHF is considerably less
symmetrical in both protein and DNA sequence at the sites of intermolecular
contacts. There are four main areas of protein-DNA interaction in the cocrystal
structure of IHF: These include the two sides of the protein body interacting with
the narrowed minor grooves on the left and right side of the DNA and the two
arms reaching into the upper left and right curves of the U-turn (Figuae§ 5
Further, the top of the protein body and the center of the DNA are connected by a
matrix of ordered water molecules that originates as the spine of hydration in the
narrowed minor groove of this region. The two conserved consensus sequences
are conveniently located on thed right half of the DNA such that together they
likely direct the orientation of IHF on the DNA. Given the degree of bending
and the extent of complementary surfaces, direct contacts between IHF and the
edges of the DNA bases are scant, but a closer look at the interactions about the



128 BEWLEY, GRONENBORN & CLORE

consensus sequences offers some explanation for specificity and recognition.
On the right side of the complex at the second DNA consensus sequence,
Arg46g is rigidly positioned, through the support of salt bridges with proximal
sidechains, in the center of the groove between basepair steps T-A 44 and G-C
45 (Figure 8). Arg46s thus contacts the deoxyribose rings on the top and
bottom strands of the DNA. Rice et al (38, 39) note that at this site the two sides
differ. On the consensus side, helix 1 of tasubunit is recessed toward the
body of the protein, and this gap conveniently accommodates the protruding
phosphate backbone that results from the over-twisted and slightly kinked YR
step T44-G45. On the left side, the A-tract produces a uniform and narrow
groove that maintains a spine of hydration through which the protein contacts
the DNA indirectly (Figure B). This feature could account for the relaxed
specificity observed for this site.

The interactions between the arms of IHF and DNA differ in thatdhe
arm, which interacts with the first DNA consensus site, sits more deeply in the
minor groove than th@ arm. The most obvious differences in the two sides
are that Arg6@ and Arg63r make direct contacts to conserved bases, while
their equivalents in thg arm, Arg5%® and Arg623, do not directly contact the
DNA (Figure Z). This discrepancy may be real or it may be an artifact of the
complex as the DNA is nicked between T29 and G30, and non-Watson-Crick
base pairing results as the surrounding bases are involved in crystal packing.

CONCLUSIONS

The structures of the five architectural proteins reviewed above have given us
an integral view of the variety of ways proteins recognize and remodel DNA
conformation purely through intermolecular interactions occurring in the minor
groove. All of these proteins play crucial roles in the assembly of very large
protein-DNA complexes, such as the intasome (40) or enhanceosome (55),
that are necessary for carrying out myriad cellular processes. While the vast
majority of “non-architectural” proteins bind to the major groove of DNA, most

of the architectural proteins interact with the minor groove, and their precisely
spaced binding sites coupled with the degree of bending (or unbending) allows
for the controlled assembly of these macromolecular complexes (56).

Just as the initial structures of TBP in complex with TATA elements led the
way for larger ternary complexes (11, 35, 54), we can expect the same progres-
sion for the other architectural factors as we await ternary (or larger) structures
involving IHF, LEF-1, SRY, and HMG I(Y). On the other hand, we still look for-
ward to seeing high-resolution structures of protein-DNA complexes for those
architectural proteins that recognize specific DNA structures, such as members
of the HMG 1/2 family that bind to prebent or cruciform DNA, and proteins
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involved in chromatin structure. With the continuing advances in stably mod-
ifying DNA structure, whether it be through covalent modifications to force
specific degrees of bends (61, 62), or through methods to stabilize particular
conformation such as the cruciforms basic to recombination (29, 46), we can
anticipate structures for these nonspecific binders as well.
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